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ABSTRACT 
Black carbon (BC) aerosol, the strongest absorber of visible solar radiation in the atmosphere, 
contributes to a large uncertainty in direct radiative forcing estimates. A primary reason for this 
uncertainty is inaccurate parameterizations of BC mass absorption cross-section (MACBC) and 
its enhancement factor (𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵)–resulting from internal mixing with non-refractory and non-
light absorbing materials–in climate models. Here, applying scaling theory to numerically-exact 
electromagnetic calculations of simulated BC particles and observational data on BC light 
absorption, we show that MACBC and 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 evolve with increasing internal mixing ratios in 
simple power-law exponents of 1/3. Remarkably, MACBC remains inversely proportional to 
wavelength at any mixing ratio. When mixing states are represented using mass-equivalent core-
shell spheres, as is done in current climate models, it results in significant under prediction of 
MACBC. We elucidate the responsible mechanism based on shielding of photons by a sphere’s 
skin depth and establish a correction factor that scales with a ¾ power-law exponent. 
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Black carbon (BC) aerosol, emitted from anthropogenic and natural combustion 
processes, dominates the absorption of incoming shortwave solar radiation in the earth’s 
atmosphere and is considered the second largest contributor to global warming after carbon 
dioxide [1,2]. In spite of its perceived importance in climate change, there exists a large 
discrepancy between model- and observation-based estimates of direct radiative forcing (DRF) 
by BC. A primary reason for this discrepancy could be attributed to the systematic 
underestimation of light absorption by BC, up to a factor of 3, in climate models compared to 
observationally-constrained estimates [3,4]. Current efforts to address this disagreement have 
been directed toward scaling up of BC mass absorption cross-sections (MACBC)–defined as 
absorption cross-section per unit particle mass–in model parameterizations [1,5,6]. Accurate 
estimates of MACBC are critical for enabling models convert measured or modeled BC mass 
concentrations over a region to representative absorption coefficients, which serve as input 
parameter to radiative transfer algorithms [1]. 
The upward scaling of MACBC estimates in climate models has been motivated by recent 
field observations of BC existing in majority populations as internally mixed with non-refractory 
materials, including sulfate, nitrate, and organic carbon (OC) in the atmosphere [7-10]. Along 
with BC, combustion sources co-emit large amounts of volatile OC compounds, in addition to 
NOx and SOx, which upon undergoing atmospheric processing condense on BC particle surfaces 
as layers of external coating. These layers, which are typically non-absorbing in the visible solar 
spectrum, acts as “focusing lens” for the incoming light and results in an enhanced absorption 
cross-section or MACBC compared to that for an equivalent external mixture [9,11]. A broad 
range of enhancement factors for MACBC (henceforth referred to as 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵), from 1.05 to 3.5, 
has been observed during laboratory and field studies [8-10,12]. This large spread in 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 
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values accompanied by lack of any established scaling relationship makes it a cumbersome and 
challenging parameter to incorporate in models. A commonly adopted practice is, therefore, to 
either multiply uncoated MACBC values with a constant 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 or estimate approximate 
MACBC based on over-simplified aerosol models such as core-shell [6,13].   
Here, we integrate results obtained from fractal modeling of internally-mixed BC and 
numerically-exact electromagnetic calculations with recent observational findings to establish 
universal scaling relationships for 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 and MACBC as a function of BC coating mass in the 
shortwave solar wavelengths (λ = 400 - 900 nm).  Field and laboratory [7,8] data show that BC 
exists in the atmosphere primarily in three internally-mixed morphologies (figure 1): bare 
aggregates with point-contacting monomers, partly coated aggregates with monomer crevices 
filled with coating material but the aggregate not completely engulfed, and embedded aggregates 
with heavy coating mass and only the contours of the monomers evident. The dimensionless 
parameter 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
 for a coated aggregate, defined as ratio of total particle mass (i.e., coating mass 
plus BC mass) to BC mass, ranges approximately between 1 and 5 for the partially coated, and ≥ 
6 for the embedded types. Recent studies[8,12] have highlighted a particle’s 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
 as the primary 
parameter in controlling its 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵. We show that when  𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 and MACBC datasets are 
analyzed systematically as a function of 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
, remarkable power-law scaling relations of the 
form  Y = Y0Sβ, where Y is either 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 or MACBC, S is either 
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
 or λ, and Y0 is the 
prefactor and β is the power-law exponent, emerge. These simple scale dependencies would 
enable climate models to accurately and inexpensively incorporate the absorption properties of 
BC in their parameterizations.  
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Figure 1: Morphologies of internally mixed black carbon (BC) aggregates. Three 
simulated aggregates from this study that were “cherry-picked” (shown in right column) 
demonstrates their close resemblance with real-world BC aerosol (left panel) corresponding to 
the three categories of  internal mixing states as observed by China et al.[7]. The first row 
particles represent bare BC aggregate with point contacting monomers and an open fractal 
morphology; partially coated aggregates are shown in the second row; and thickly coated or 
embedded aggregates are displayed in the third row. The total particle mass to BC mass ratio 
is shown in the center for each class of particle.  
In their bare state, BC aerosols appear as fluffy aggregates of carbon monomers–the 
number of monomers (N) scales with aggregate size (radius of gyration Rg) following a 
power-law relation:  
 
𝑁𝑁 = 𝑘𝑘0 �𝑅𝑅𝑔𝑔𝑎𝑎 �𝐷𝐷𝑓𝑓 [Eq.1] 
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where a is the monomer radius, Df is the mass fractal dimension and k0 is a scaling 
prefactor[14]. Physically, an aggregate’s Df describes its space-filling characteristic, while its 
shape anisotropy (stringiness) and monomer packing density are controlled by k0[15]. The process 
of surface coating starts with filling in of the crevices between the monomers with non-refractory 
materials. If prolonged, this process could completely engulf the aggregate structure leaving only 
its thickened silhouette intact. To calculate the fractal parameters in Eq. 1 for a coated aggregate, 
we introduce an effective monomer radius a’, defined as 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝑏𝑏𝑡𝑡𝑏𝑏𝑏𝑏
= �𝑎𝑎′
𝑎𝑎
�
3
, which replaces a in Eq. 
(1). This ensures the conservation of N between bare and coated aggregates. Aggregate Df, 
determined using different techniques (see details in Methods), remains invariant at a fixed value 
of 1.8 with increasing coating mass, while k0 scales as k0 = 1.34�𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝑏𝑏𝑡𝑡𝑏𝑏𝑏𝑏
�
0.56
. Details of this 
fractal formulation can be found in the recently published work by Heinson et al. [14].  
We generated several hundred internally-mixed BC aggregates with  𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝑡𝑡𝑏𝑏𝑏𝑏
 ranging 
between 1 and 18 using our fractal aerosol model. For this study, we denoted Mbare  = MBC and 
Mnon-refractory_coating  = Mtotal - Mbare, and used the materials densities for BC and non-refractory 
coating to be 1.8 and 1.2 g/cm3, respectively [16,17]. The a for bare BC aggregates was fixed at 
25 nm and the range of N was varied between 10 and 250 following past field observations. We 
applied the dipole-dipole approximation electromagnetic theory [18] to compute the 
orientationally-averaged MACBC and 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 for our simulated aggregates. Optical calculations 
were performed at three wavelengths λ=405nm, 532nm and 880nm, representing the near-UV, 
green, and red (near-IR) spectra of the incoming solar light. The complex indices of refraction 
for the BC monomers and refractory material coating were set at m=1.95-0.79i and 1.55-0i (no 
absorption), respectively [19-22]. This refractive index was chosen with the intention of 
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making our findings applicable to broad-ranging scenarios of BC coated with OC and sulfates 
as found commonly occurring in the atmosphere.  
 
Figure 2: The 1/3 Scaling Laws for BC Mass Absorption Cross section (MACBC) and 
Enhancement of MACBC (𝑬𝑬𝑴𝑴𝑴𝑴𝑴𝑴𝑩𝑩𝑴𝑴). The MAC vs. total coated aggregate mass divided by its 
bare BC mass (Mtotal/MBC) at wavelengths λ=405nm, 532nm, 880nm is shown in (A). At all λ, 
the MAC scales with a power law exponent of 0.33±0.05. Our work compares well to 
observational findings on cook stove emissions done by Saliba et al. [23], while data from Liu, 
D. et al. [12] has smaller prefactor owing to integrated absorption measurements as opposed to 
single-particle, yet their trends are parallel to the other data sets. (B). The enhancement of the 
absorption 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 of internally mixed BC is plotted versus 
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
. The “ALL DATA” set of 
points represent the mean values of all dataset from this study; the error bars represent two 
standard deviations. Independent of λ, 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 for all data sets follows the same upward 
increasing trend with a power-law exponent of 0.31±0.05. The 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 estimates from our 
simulation agrees very well (regression coefficient R2 = 0.885) with findings from past 
observational field studies carried out globally [8-10,12]. This agreement suggests a universal 
behavior for 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 for internally mixed BC at visible and near infrared wavelengths.  
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In figure 2A, we compare the calculated MACBC versus 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
 ratios for our aggregates 
with those reported by D. Liu et al. [12] and Saliba et al. [23]. D. Liu et al. performed a 
comprehensive set of laboratory and ambient experiments investigating optical properties of 
combustion aerosols generated from automotive diesel engines, and a large number of intensive 
open wood fires and fireworks across the UK. They did not measure MACBC on a single particle 
level, instead estimated it from measurements of BC absorption coefficients–particle cross-
sections integrated over a size distribution. Saliba and co-workers had coated freshly emitted BC 
aggregates from household cook stoves with secondary OC produced via the photo-oxidative 
ozonolysis of α-pinene. They measured MACBC on a single particle level using a single-particle 
soot photometer. All datasets follow very well the scaling relationship 𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝑀𝑀 =
𝑀𝑀𝜆𝜆 �
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
�
0.33±0.05
, with the prefactor Aλ varying as Aλ=3.6λ-0.98. Our MACBC for bare 
aggregates lie within the range of values reported for nascent soot by Bond et al. [1]. The 
variability in the prefactor Aλ with 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
 could be attributed to differences in refractive indices 
and mass densities of coating materials, distributions in monomer sizes, and errors involved in 
the different measurement techniques. This is a multidimensional parameter space that needs to 
be explored in detail as part of future studies. For instance, the variation in mass densities of OC 
coating materials alone could range from 0.64 to 1.65 g/cm3 and 1.06 to 1.45 g/cm3 for biogenic 
and anthropogenic emissions, respectively [24]. Similarly, the variation in real part of m for OC 
aerosol could range from 1.36 to 1.66, while their imaginary part could have a non-zero and 
wavelength-dependent value [25].  
In figure 2B, we show the universal scaling behavior of 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 as a function of 
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
 
for all particles at the three wavelengths investigated in this study. Overlaid on our experimental 
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results are observational datasets collected from different geographical regions. Peng et al.’s 
[10] data set, involving ambient carbonaceous aerosol collected in Houston (USA) and 
Beijing (China) followed by oxidation in an environmental chamber, is representative of 
primarily internally mixed BC occurring in ambient urban conditions of developed and 
developing countries. Liu, S. et al.’s [8] dataset is from fossil fuel and residential biofuel 
emissions in and nearby London (UK), and also includes inter-continentally transported, 
atmospherically processed particles. Cappa et al. [9] provided laboratory measurements of 
𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵, which are in agreement with our trends; however, their unusual field findings on 
relatively smaller values of absorption enhancements even in the presence of substantial 
coatings present themselves as outliers. In addition to the datasets corresponding to different 
studies, we included in our analysis the mean values of all data, which in figure 2B is 
represented by the “ALL DATA” set of points. As evident from the figure, the datasets follow 
the scaling relation 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 = 1.04 �𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑀𝑀𝐵𝐵𝐵𝐵 �0.31±0.05, independent of variations in wavelength, 
with high coefficients of regression. For partially coated aggregates, 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 ranged from 1.3 
to 1.9 while the embedded aggregates had 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵 ranging between 2.2 and 2.5.  
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Figure 3: Inverse wavelength scaling of BC Mass Absorption Cross section (MACBC). The 
spectral response of MAC values for BC aggregates with varying degrees of mixing states are 
shown to follow an inverse functionality in wavelength (power law with exponent of -1).  The 
fractal prefactor Bλ ranges from 3.5 (bare) to 5.2 (partially coated) to 7.8 (embedded), and 
denotes the enhancement in MACBC through the phenomenological “lensing effect”. 
Observational datasets collected over California, USA (Gyawali et al.[26]) and Manchester, UK 
(Liu, D et al.[12]) follow the scaling trends. Error bars indicate the standard deviation in the 
reported measurements. 
The wavelength dependence of MACBC for our aggregates exhibits a constant 𝜆𝜆−1 
power-law behavior (figure 3). Field datasets from Gyawali et al. [26] and Liu et al. [8] 
corroborates this constant scaling observation. Gyawali et al. characterized the evolution of 
multispectral optical properties of urban aerosols as they mixed with precursor gases and 
interacted with biogenic emissions during transportation to the forested Sierra Nevada foothills 
area in California. The power-law prefactor Bλ, however, increases as 3.6�𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
�
0.32
highlighting 
the enhanced focusing effect of the coating mass onto the BC core. The increased absorption 
cross-section of the BC core, owing to its fractal morphology, continues to exhibit Rayleigh 
optics behavior even at large values of  𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑀𝑀𝐵𝐵𝐵𝐵
 and Rg (ca. 450 nm).   
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The core’s fractal morphology dictates the particle’s phase shift parameter ρ to be always 
less than one, a necessary condition for the Rayleigh approximation to hold good [27,28]. ρ is 
directly proportional to the volume fraction of monomers in an aggregate and the Lorentz-Lorenz 
factor involving the imaginary index of refraction (16, 26). It quantifies how much phase shift 
the incoming light waves encounter across an aggregate compared to that in the absence of the 
particle. For sub-micron size BC aggregates, ρ scales with Rg as 𝜌𝜌 ≈ 𝑅𝑅𝑔𝑔−0.2 (See Supplementary 
Figs. S1 and S2) implying a decreasing ρ with increasing aggregate size and its value remaining 
always less than 1. In the Rayleigh limit, the absorption cross-section of a BC aggregate could be 
simplistically calculated as 𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑁𝑁 ∙ 𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, where 𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 4𝜋𝜋 2𝜋𝜋𝜆𝜆 𝑎𝑎3𝐼𝐼𝐼𝐼 �𝑚𝑚2−1𝑚𝑚2+2� (where 
Im  = imaginary part) is the absorption cross section of a monomer. The aggregate’s MACBC, 
which is its Cabs divided by aggregate mass, then becomes equal to the mass absorption cross-
section of a monomer: 𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝑀𝑀 = 𝑁𝑁∙𝑀𝑀𝑡𝑡𝑏𝑏𝑎𝑎,𝑚𝑚𝑡𝑡𝑚𝑚𝑡𝑡𝑁𝑁∙𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑡𝑡 = 𝑀𝑀𝑡𝑡𝑏𝑏𝑎𝑎,𝑚𝑚𝑡𝑡𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑡𝑡 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, thus explaining its inverse 
scaling functionality with wavelength.  
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Figure 4: Role of Particle Morphology in Light Absorption. The strength of internal light 
absorption is shown for BC particles in their bare and heavily coated states (panels A-F). The 
coating material is non-absorbing and is therefore invisible in this representation. The incident 
light impacts the particles from the left. (A) BC sphere of diameter of D=80 nm; (B) Same 
sphere as (A) but having a 90 nm thick layer of coating; (C) BC sphere of D=300 nm; (D) 
Same sphere as (C) but with a 260 nm coating; and (E) and (F) represent BC aggregates 
having volume equivalence to spheres in (C) and (D), respectively. Particles (B), (D), and (F) 
are heavily coated which results in stronger absorption due to the “lensing effect.” The 
diameter of spherical BC cores in (C) and (D) is larger than the absorption skin depth 
resulting in the interior of the particle being excluded from contributing to light absorption. 
The BC aggregate is porous in structure and therefore light penetrates completely into it 
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allowing the entire volume to add to the total absorption (panels E-F). (G) The MACBC ratios 
for coated aggregates to core-shell is plotted versus the mass equivalent sphere diameter 
Deq,BC divided by absorption skin depth. Significant disagreement is seen between the fractal 
and core-shell approximation models as Deq,BC becomes greater than the skin depth. As the 
equivalent spheres become larger than the absorption skin depth, the core-shell model 
underpredicts the MACBC of the aggregates. The shaded region scales as 𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵
𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵,𝐵𝐵𝑡𝑡𝑏𝑏𝑏𝑏−𝑆𝑆ℎ𝑏𝑏𝑡𝑡𝑡𝑡 ∝ 
�
𝐷𝐷𝑏𝑏𝑒𝑒,𝐵𝐵𝐵𝐵
𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ�0.75 
We computed mass-equivalent core-shell structure spheres of our coated fractal 
aggregates and calculated their MACBC,core-shell values using the Lorenz-Mie theory (figure 4). 
Climate models typically assume core-shell morphologies to account for internal mixing of 
BC and apply the computationally inexpensive Mie theory to calculate their optical properties 
[5,6,11]. Unlike fractal aggregate morphologies, ρ for core-shell homogeneous spheres 
crosses over from the Rayleigh (ρ < 1) to the Geometric optics (GO) limit (ρ > 1) at diameters 
100 – 300 nm for λ = 405 – 880 nm, respectively. Once in the GO regime, the amount of light 
penetrating into a spherical BC core is determined by its optical skin depth [28,29]. This 
effect is clearly visible when mapping the internal absorption fields of an aggregate and its 
equivalent core-shell model (figure 4 A-F).  As the core diameter Deq,BC increases, the ratio 
𝐷𝐷𝑏𝑏𝑒𝑒,𝐵𝐵𝐵𝐵
𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ increases linearly to values between 1 and 6 indicating significant screening of light 
by the core’s interior.  
In summary, we present the first empirical evidence of light absorption by atmospheric 
BC demonstrating universal patterns and simple scaling laws. Our major findings are 
summarized in Table 1. Scaling behaviors represent universal concepts that underlie non-
equilibrium physical systems such as aerosols, and hold great promise to serve as 
computationally inexpensive parameterizations in climate models and satellite retrieval 
algorithms toward improving the accuracy of radiative forcing predictions. Use of the core-
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shell approximation has been suggested to introduce up to 50% uncertainty in modeled DRF 
by BC [8]. Via this study, we hope to convince the atmospheric community to refrain from 
using this approximation in the future. If use of this approximation is inevitable, then care 
must be taken to properly integrate the correction factor due to the optical skin depth of the 
BC core. Finally, we anticipate future laboratory and field studies to further refine these 
scaling laws, especially for unique case scenarios, such as BC core with absorbing coating 
materials, non-uniform distribution of coating mass on a core, and a core with Df approaching 
3 [30]. As part of this study, we performed sensitivity analysis by assigning a weakly 
absorbing imaginary index (≈5x10-2) to the OC core at 405 nm, representative of brown 
carbon. The deviations in scaling dependencies of 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝐵𝐵  could be considered as negligible, 
but MACBC values showed considerable deviations from the observed scaling dependencies. 
Y Y0 S β 
𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝑀𝑀 1 𝑀𝑀𝐷𝐷𝑚𝑚𝐷𝐷𝑎𝑎𝑡𝑡
𝑀𝑀𝐵𝐵𝑀𝑀
 
1 3�  
 
 
𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝑀𝑀 3.6𝜆𝜆
−1 𝑀𝑀𝐷𝐷𝑚𝑚𝐷𝐷𝑎𝑎𝑡𝑡
𝑀𝑀𝐵𝐵𝑀𝑀
 
1 3�  
3.6 �𝑀𝑀𝐷𝐷𝑚𝑚𝐷𝐷𝑎𝑎𝑡𝑡
𝑀𝑀𝐵𝐵𝑀𝑀
�
1
3�
 
 
𝜆𝜆 
 
−1 
𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝑀𝑀
𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵𝑀𝑀,𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶−𝑆𝑆ℎ𝐶𝐶𝑒𝑒𝑒𝑒  0.55 − 0.80 𝐷𝐷𝐷𝐷𝑒𝑒,𝐵𝐵𝑀𝑀𝑆𝑆𝑘𝑘𝑆𝑆𝑆𝑆 𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷ℎ  3 4�  
 
Table 1: Summary of Power-Law scaling relations of the form Y = Y0 Sβ for key light absorption 
parameters 
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Supplementary Information 
Diffusion limited cluster-cluster aggregation (DLCA). Bare  aggregates were generated 
using an off-lattice, DLCA algorithm [1,2]. Initially 107 spherical monomers of radius a = 25 
nm were randomly placed into a three-dimensional simulation box. As DLCA starts, the 
number of aggregates Nc including lone monomers is counted. An aggregate is randomly 
chosen and simulation time is incremented by Nc-1. The probability that an aggregate moves is 
inversely proportional to the aggregate’s radius of gyration and is normalized to insure the 
monomers will always move upon selection. If the aggregate moves, it travels randomly one 
monomer diameter 2a. When two aggregates collide, they irreversibly stick and Nc is 
decremented by 1. Results are applicable in the continuum limit where the frictional drag is 
given by the Stokes–Einstein expression with a drag proportional to the radius of gyration. 
Coating of DLCA aggregates. After a population of aggregates was generated, the process of 
coating was initiated. The coating algorithm first discretized the simulation space into high-
resolution cubic lattices of equal sub-volumes. A bare DLCA aggregate was placed in the 
simulation space, which resulted in the sub-volumes being either filled with portions of the 
aggregate or left empty. Empty sub-volumes that were on or bordering the aggregate surface 
were identified and filled with the coating material. Next, the algorithm checked if the desired 
coating thickness was reached. If not, the process of identifying and filling empty sub-
volumes on the aggregate surface was repeated. 
Determination of fractal dimension Df and prefactor k0. At each coating thickness, the 
average a’ was found and used in place of bare monomer a in Eq. (1). Number of monomers 
N in Eq. (1) was calculated by dividing the aggregate total mass by the mass of the effective 
monomer with radius a’. The radius of gyration is equivalent to the root mean square distance 
of the sub-volumes that make up the coated aggregate: 
𝑅𝑅𝑔𝑔
2 = 1
𝑁𝑁𝑆𝑆𝑆𝑆
∑ (𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)2𝑁𝑁𝑆𝑆𝑆𝑆𝑖𝑖=1   [Eq. S1] 
2 
 
where 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the mean position of the sub-volumes, 𝑟𝑟𝑖𝑖 is the position of the ith sub-volume, 
and 𝑁𝑁𝑆𝑆𝑆𝑆 is the total number of sub-volumes in an aggregate. The replacement of a with a’ 
conserves monomer count N for a given aggregate as coating material is added. Plotting N 
versus Rg for the ensemble of aggregates yielded Df and k0. 
To find the Df of single aggregate the reciprocal space structure factor method was employed. 
The reciprocal space structure factor of the aggregate is described the Fourier transform 
squared of the sub-volume coordinates: 
𝑆𝑆(𝑞𝑞) = 1
𝑁𝑁𝑆𝑆𝑆𝑆
�∑ 𝑒𝑒−𝑖𝑖𝑖𝑖∙𝑟𝑟𝑖𝑖𝑁𝑁𝑆𝑆𝑆𝑆𝑖𝑖=1 �
2
  [Eq. S2] 
where q is the Fourier variable with units of inverse length. After manipulation of Eq. S2, 
details of which can be found in[1,3], the structure factor can be written as:  
𝑆𝑆(𝑞𝑞) = 𝑘𝑘0
𝑚𝑚′
𝐷𝐷𝑓𝑓
𝑞𝑞−𝐷𝐷𝑓𝑓   [Eq. S3] 
From the S(q) plot, Df was calculated. 
The discrete dipole approximation (DDA). We calculated the optical properties of our 
simulated aggregates and their internally mixed counter parts by using the discrete dipole 
approximation DDA [4]. The advantages of this method are that it is a numerically exact 
solution based on the Maxwell equations and it is versatile in its treatment of arbitrary particle 
shapes in different mixed states. The DDA implementation used in this work was the 
parallelized ADDA 1.3b4 code, publicly available at https://github.com/adda-team/adda. All 
runs had a dipole resolution of 12 dipoles per bare monomer diameter and were well within 
often cited of k|m|d<1 where d is the dipole length [5]. Furthermore, the smallest optical skin 
depth for any simulated particle was 20d again well within the validity criteria in[6]. To 
further ensure the accuracy of our DDA runs, we compared core-shell model results from the 
Mie solutions and the DDA method. Comparisons of a lone monomer and the volume 
equivalent sphere of the largest simulated aggregate were done for both the bare and heavily 
coated cases. At both size extremes, R = 25nm for the lone monomer and Req = 420nm for the 
heavily coated equivalent radius sphere, the error between the numerical methods was always 
less than 10 percent. It should also be noted that previous work has shown that spherical 
particles produce the largest errors in DDA and the error for aggregates is expected to be 
much smaller [5].  
Core-Shell model and calculation of skin-depth and effective refractive index. For each 
aggregate, either in bare or internally mixed states, a volume equivalent sphere with a BC core 
and OC shell was created. Next, their optical properties were calculated using both DDA and 
Lorenz-Mie theories [4,7]. Absorbing material such as BC attenuates incident light 
exponentially according to the Beer-Lambert Law where the intensity of the incident light 
penetrating a particle is described by: 
𝐼𝐼(𝑧𝑧) = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝑧𝑧   [Eq. S4] 
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where  𝐼𝐼0  is the intensity of the light at the particle surface and 𝛼𝛼−1  is the characteristic 
penetration length. The skin depth of an absorbing material is defined as the depth at which 
the intensity of the incident light falls to 1/e2 of its surface value and is related to the complex 
refractive index m and incident wavelength λ by:  
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑ℎ = 𝜆𝜆
2𝜋𝜋∙𝐼𝐼𝑚𝑚(𝑚𝑚) [Eq. S5] 
where Im(m) is imagery part of the complex index of refraction. The equivalent core-shell 
spheres quickly grow larger than the skin depth which results in a drop in absorption cross-
section as compared to their aggregate counterparts.  
On the other hand, the porous nature of aggregates necessitates the need to apply effective 
medium theory. A porous object would have a significant different meff, compared to an 
equivalent sphere with homogeneous index m. The Maxwell–Garnet effective medium 
theory[8] conveniently provides a way to calculate the meff of inhomogeneous particles. In the 
case of void-filled aggregates, the theory calculates meff using the relation: 
𝑓𝑓𝑣𝑣 �
𝑚𝑚2−1
𝑚𝑚2+2
� = �𝑚𝑚𝑒𝑒𝑓𝑓𝑓𝑓2 −1
𝑚𝑚𝑒𝑒𝑓𝑓𝑓𝑓
2 +2
� [Eq. S6] 
where fv is the volume fraction of the BC aggregates. Since DLCA aggregates scale with 
fractal dimension Df =1.8 their meff continues to decrease and in turn skin depth increases as 
the aggregates grow larger. The ρ parameter which describes an object’s transition from 
Rayleigh to geometric optics is found by simply multiplying the above equation by the 
aggregate size parameter. 
Volume fraction of aggregates.  The volume fraction fv of aggregates is found by first 
aligning the aggregates along their principle axes and constructing an encapsulating ellipsoid. 
The principle axes were found by calculating the eigenvectors of the inertia tensor T [3,6]. 
For an aggregate of N discrete monomers the inertia tensor is given by: 
𝑇𝑇 = ��𝑦𝑦𝑖𝑖2 + 𝑧𝑧𝑖𝑖2 −𝑥𝑥𝑖𝑖𝑦𝑦𝑖𝑖 −𝑥𝑥𝑖𝑖𝑧𝑧𝑖𝑖−𝑥𝑥𝑖𝑖𝑦𝑦𝑖𝑖 𝑥𝑥𝑖𝑖2 + 𝑧𝑧𝑖𝑖2 −𝑦𝑦𝑖𝑖𝑧𝑧𝑖𝑖
−𝑥𝑥𝑖𝑖𝑧𝑧𝑖𝑖 −𝑦𝑦𝑖𝑖𝑧𝑧𝑖𝑖 𝑥𝑥𝑖𝑖
2 + 𝑦𝑦𝑖𝑖2�
𝑁𝑁
𝑖𝑖=1
 
The volume fraction is then defined as the ratio total monomer volume to the encapsulating 
ellipsoid volume: 
𝑓𝑓𝑣𝑣 = 8𝑁𝑁𝑎𝑎3𝐿𝐿1𝐿𝐿2𝐿𝐿3 
where Li are the lengths of aggregate along the principle axes. 
Internal Absorption Strength. DDA algorithms map a particle into an array of small 
subvolumes that act as point dipoles. All optical properties reported by DDA come from 
integration over the dipoles’ final calculated values. The absorption cross-section, 𝐶𝐶𝑚𝑚𝑎𝑎𝑎𝑎  is 
calculated from the dipoles using the following relationship:  
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𝐶𝐶𝑚𝑚𝑎𝑎𝑎𝑎 = 4𝜋𝜋𝑠𝑠𝑅𝑅𝑒𝑒(𝑚𝑚)�𝐼𝐼𝑚𝑚(𝑃𝑃𝑖𝑖 ∙ 𝐸𝐸𝑖𝑖∗)
𝑖𝑖
 
where 𝑠𝑠 = 2𝜋𝜋 𝜆𝜆⁄ , 𝑃𝑃𝑖𝑖  and 𝐸𝐸𝑖𝑖  are the ith dipole polarization and electric field respectively. 
𝐼𝐼𝑚𝑚(𝑃𝑃𝑖𝑖 ∙ 𝐸𝐸𝑖𝑖∗) is imaginary part of the dot product between the polarization and the complex 
conjugate of the electric field and can be thought of the absorption strength of the ith dipole. 
To simplify 𝐼𝐼𝑚𝑚(𝑃𝑃𝑖𝑖 ∙ 𝐸𝐸𝑖𝑖∗) we start with the expression for that relates the dipole polarization is 
to the electric:  
𝑃𝑃𝑖𝑖 = 𝜀𝜀0𝜒𝜒𝐸𝐸𝑖𝑖 
where the susceptibility 𝜒𝜒 is related to the index of refraction 𝑚𝑚 by  
𝑚𝑚2 = 1 + 𝜒𝜒 
Given the electric field of the ith dipole as 
𝐸𝐸𝑖𝑖 = 𝐸𝐸0,𝑖𝑖 𝑒𝑒𝑥𝑥𝑑𝑑(𝑠𝑠 𝒌𝒌 ∙ 𝒓𝒓) 
The dot product 𝑃𝑃𝑖𝑖 ∙ 𝐸𝐸𝑖𝑖∗ becomes  
𝑃𝑃𝑖𝑖 ∙ 𝐸𝐸𝑖𝑖
∗ = 𝜀𝜀0(𝑚𝑚2 − 1)𝐸𝐸0,𝑖𝑖 𝑒𝑒𝑥𝑥𝑑𝑑(𝑠𝑠 𝒌𝒌 ∙ 𝒓𝒓)𝐸𝐸0,𝑖𝑖 𝑒𝑒𝑥𝑥𝑑𝑑(−𝑠𝑠 𝒌𝒌 ∙ 𝒓𝒓) 
 which simplifies to  
𝑃𝑃𝑖𝑖 ∙ 𝐸𝐸𝑖𝑖
∗ = 𝜀𝜀0[(𝑠𝑠2 + 𝜅𝜅2 − 1) + 𝑠𝑠2𝑠𝑠𝜅𝜅]𝐸𝐸0,𝑖𝑖2   
We arrive at the final expression for a dipole’s absorption strength:  
𝐼𝐼𝑚𝑚(𝑃𝑃𝑖𝑖 ∙ 𝐸𝐸𝑖𝑖∗) = 2𝜀𝜀0𝑠𝑠𝜅𝜅𝐸𝐸0,𝑖𝑖2  
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Figures 
 
Fig. S1: (A) The volume fraction, 𝒇𝒇𝒗𝒗 of BC is calculated by encapsulating the aggregates 
in the smallest enclosing ellipsoid and then taking the ratio of occupied volume to total 
volume. The volume fraction scales as 𝒅𝒅 − 𝑫𝑫𝒇𝒇, where 𝒅𝒅 is the spatial dimension and 𝑫𝑫𝒇𝒇 is 
the aggregate fractal dimension (B) By application of the Maxwell-Garnett effective 
medium theory, the measure of how coupled the internal electric field of an aggerate is 
found to be 𝝆𝝆 = 𝟐𝟐𝟐𝟐𝒇𝒇𝒗𝒗 �𝒎𝒎𝟐𝟐−𝟏𝟏𝒎𝒎𝟐𝟐+𝟐𝟐�  where 𝟐𝟐  is the aggregate size parameter. If 𝝆𝝆 < 𝟏𝟏  the 
particle will be in the Rayleigh–Debye–Gans (RDG) regime and all optical properties 
will scale accordingly. For aggregates with small fractal dimension 𝑫𝑫𝒇𝒇 ≤ 𝟐𝟐, 𝝆𝝆 will only 
decrease with size as is the case with DLCA aggregates of 𝑫𝑫𝒇𝒇 = 𝟏𝟏.𝟖𝟖.   
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Fig. S2: Contrary to figure S1B, spheres of equivalent mass will increase in 𝝆𝝆 as they 
grow in diameter due to spheres having 𝑫𝑫𝒇𝒇 = 𝒅𝒅 = 𝟑𝟑.  Consequently, the disagreement 
between coated aggregate and core-shell models increase with size.   
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